Similar temporal patterns were found in three mineral soils for the composition of the gaseous products of denitrification following the onset of anaerobic conditions. During the early period of anaerobiosis (O up to 1 to 3 h), N2 was the dominant product of denitrification. The N03 -* N20 activity then increased, but was not accompanied by a corresponding increase in N20-reducing activity. This resulted in a relatively extended period of time (1 to 3 up to 16 to 33 h) during which N20 was a major product. Eventually (after 16 to 33 h), an increase in N20-reducing activity occurred without a comparable increase in the N20-producing activity. The increase in the rate of N20 reduction did not occur in the presence of chloramphenicol and required the presence of N20 or N03 during the preceding anaerobic incubation. During the final period (16 to 33, up to 48 h), N2 was generally the sole product of denitrification, since the rate of N20 reduction exceeded the rate of N20 production. A similar sequential pattern was also found for a culture of a denitrifying Flavobacterium sp. shifted to anaerobic growth. A staggered synthesis of the enzymes in the denitrification sequence apparently occurred in response to anoxia, which caused first a net production of N20 followed by consumption of N20.
The suggestion that soil-evolved nitrous oxide is an important factor in destruction of the earth's ozone shield has stimulated much interest in the production of N20 during microbial nitrogen metabolism in soil. Although soil may be an important source of N20 (4, 6) , it may also serve as a sink for atmospheric N20 (2, 5). It is generally accepted that denitrification of nitrate or nitrite results in N20 and N2 as the major gaseous products. This microbial process can thus produce N20 or consume N20 through the reduction of N20 to N2. The composition of the gaseous products of denitrification in soils varies tremendously with the conditions in soil, and depending on the environment in which it occurs, denitrification can serve either as a source or a sink for N20. Some progress has been made in understanding the environmental parameters (e.g., N03-, N02-, 02) that influence the relative proportion of N20 and N2 produced during denitrification (3; M. K. Firestone, M. S. Smith, R. B. Firestone, and J. M. Tiedje, Soil Sci. Soc. Am. J., in press).
In this study, we investigated the changes in the relative production of N20 end N2 that occur after a shift to anaerobic conditions. We had previously noticed that the ratio of N20/N2 increased within the first several hours after soils were exposed to anaerobiosis (13, 15) . In the studies reported here, we identify the general temporal pattern of change in the ratio of N20/ N2 produced in response to anoxia and provide some evidence for the physiological changes causing the pattern. We used both cultures of a denitrifying bacterium and well-mixed soil slurries to observe the behavior of the indigenous denitrifying community.
The acetylene inhibition technique was used in a major portion of the investigation. In the presence of sufficient acetylene and N03, N20 is the sole product of denitrification (1, 13, 17) . The assumption that the ratio of the quantity of N20 produced in the absence of acetylene to the quantity of N20 produced in the presence of acetylene reflects the N20/(N20 + N2) ratio that would occur in the absence of the inhibitor was confirmed by using 13N methods (13) .
MATERIALS AND METHODS
Bacterial culture and incubation. The The carrier gas was 5% CH4 in argon with a flow rate of 30 ml/min, and the column was Porapak Q at 50°C. The sensitivities of the two detection systems were complementary in that the analytical range of the ECD extended from below ambient N20 (approximately 300 nl/liter) well past the lower limit (50 ,l/ liter) of N20 quantitation using the Hot Wire detector. Peak areas were determined with a computing integrator, and N20 standard curves were prepared for every experiment.
Samples of the headspace gas (0.5 ml for soil slurries; 0.2 ml for cultures) were periodically removed with a 1-ml syringe equipped with a Mininert valve (Precision Scientific Co., Baton Rouge, La.). In all experiments, the concentration of N20 in solution was calculated from the measured headspace concentration, and the quantities of N20 were corrected accordingly. We had previously verified that the published values of the Bunsen absorption coefficient (0.66) approximated the N20 solubility in the slurries used (13) .
In soil slurries, the rate of denitrification was determined by measuring the rate of N20 production in the presence of about 0.1 atm of acetylene, and the net rate of N20 accumulation was determined in the absence of acetylene. The ratio of these two rates of N20 production (absence of acetylene/presence of acetylene) should represent the proportion of the total gaseous products appearing as N20. The difference in these two rates (presence of acetylene minus absence of acetylene) was used to calculate the rate of N20 reduction. In bacterial culture experiments, the rate of N20 reduction was determined directly by measuring N20 disappearance from vials to which N20 had been added. The soil rates were determined using linear regressions of three to six data points, each point being the mean of three replicates, over a 3-to 5-h assay period.
Nitrate effect. From previous work (3; Firestone et al., in press), we knew that the concentration of N03-or N02-influenced the N20/(N20 + N2) ratio. Hence, we maintained a relatively high and constant concentration of N03 in the soils and cultures. At the beginning of each soil experiment, 100 ,ug of N03--N per g of soil was added to the indigenous N03-present. In most of the experiments (both soils and culture), additional N03 was added during the experiments by injecting an N03--containing solution stored under a helium atmosphere.
RESULTS
Soil experiments. The rates of net N20 production and denitrification for a Brookston soil are shown in Table 1 . Both net N20 production and denitrification reached maximum linear rates during the 7-to 12-h period. The rate of denitrification then decreased until about 26 h, after which it remained relatively constant at about 24 to 25 nmol g-1 h-'. After 12 h of anaerobiosis, the net rate of N20 production continuously declined, with a negative value being determined at 48 h. The calculated rate of N20 reduction at 48 h exceeded the rate of denitrification, indicating that N20 could be reduced faster than it could be produced. Nitrous oxide comprised a relatively constant proportion of the total denitrification product (about 48%) during the first 29 h, after which the N20 component sharply declined. This decrease in the proportion of total product as N20 paralleled an increase in N20-reducing activity.
The decreases in rates of denitrification and N20 reduction that occurred between 12 to 26 h probably resulted from partial depletion of the available carbon. In analogous experiments, the addition of 0.1% glucose at 24 h caused the denitrification rate to immediately increase threefold.
To test for possible inhibitory effects on denitrification rates of long-term exposure to acetylene, parallel sets of flasks incubated in identical manner received their acetylene additions at three intervals staggered over the 2-day incubation period. The validity of this approach was indicated by finding the same denitrification rate (51.2 versus 54.7 nmol g-1 h-') for the 8-to 12-h period from flasks continuously exposed to acetylene and from those which had received acetylene at 8 h.
A very similar temporal pattern was found with the Miami soil. Between 3 and 26 h after the onset of anaerobiosis, N20 was the dominant product of denitrification, but by 32 h no net N20 production occurred, and by 47 h N20 was consumed. Again the sharp decrease in proportion of gaseous product as N20 reflected a comparable increase in N20-reducing activity.
The decline in the proportion of total product as N20, or the decline in the net rate of N20
production after a period of anaerobiosis, appeared to result from an increase in N20-reducing activity. To determine whether the increase in N20-reducing activity resulted from de novo enzyme synthesis, chloramphenicol (an inhibitor of protein synthesis) was added to soil slurries just before the decline in N20 appearance (Table  2 ). In the absence of chloramphenicol, a temporal pattern of gas production similar to that observed in the Brookston and Miami soils was found. A sharp decrease in the proportion of total product as N20 occurred between 10 and 22 h, reflecting an increase in N20-reducing activity. In the soils to which chloramphenicol was added at 22 h, N20 continued to be the dominant product of denitrification, whereas the N20-reducing activity remained low. The overall rate of denitrification was not strongly affected by the presence of chloramphenicol. In both the presence and absence of the inhibitor, the lower denitrification rate probably reflected carbon depletion.
The results of a comparable experiment using chloramphenicol in a Brookston soil are shown in Table 3 . There was no significant difference in the rates of denitrification found in the presence and absence of the inhibitor, but in the presence of chloramphenicol a threefold-lower rate of N20 reduction was determined. A similar effect of chloramphenicol was also observed in the Miami soil (data not shown). In the presence production occurred between 12 and 23 h, corresponding to an increase in N20-reducing activity (Table 4) . A similar pattern was observed in the soils incubated with N20 for 22 h. However, in the soils incubated anaerobically, in the absence of N03 and N20, the net rate of N20 production remained high (N20-reducing activity, low) through 42 h, and N20 was the dominant product of denitrification from 22 to 42 h. Hence the presence of N03 or N20 during the first 22 h of incubation was required to produce the observed increase in N20-reducing activity. The data in Table 4 include rates determined shortly after the onset of anaerobic conditions (0.7 to 1.7 h). The proportion of product which occurred as N20 during this period was low (0.13), since the rate of N20 reduction was relatively close to the rate of denitrification. The pattern occurring during this early period of anaerobiosis was investigated further by using the more sensitive 63Ni electron capture detector; an example of the data is shown in the inset of Fig. 1 . For the first 70 min after the imposition of anaerobic conditions, the net rate of N20 production was very low relative to the rate of denitrification (a ratio of rates of 0.14). The rate of denitrification then began to increase (at about 60 min), as did the net rate of N20 production (at about 80 min). However, the rate of N20 reduction did not increase as rapidly as did the overall rate of denitrification (Table 4 ; Fig.  1 ), which resulted in a period of time between 1 to 3 and 16 to 33 h during which N20 was a significant and often dominant product.
Culture experiments. The pattern of gas evolution after the irnposition of anaerobic conditions on the Flavobacterium culture is shown in Fig. 2 . In this experiment, the rate of denitrification was measured in the presence of acetylene, as before; however, the rate of N20 reduction was measured directly, since the organisms had been aerobically grown in the absence of N03 . The denitrification activity exhibited an initial lag (1 to 2 h), after which a linear rate was established. In the presence of chloramphenicol, the rate of denitrification was only slightly lower (after 5 h) than in its absence. After a very slight initial lag, the rate of N20 reduction in the presence of chloramphenicol remained relatively constant throughout the assay. However, in the absence of chloramphenicol, the rate of N20 reduction began to increase significantly after about 4 h. Hence, de novo synthesis of enzymes involved in N20 reduction occurred after a period of anaerobiosis in the Flavobacterium sp. Resting cells were also incubated anaerobically in the absence of N20 and NO3-. At 29 h, N20 was added and the rate of its reduction was found to be 17.6 nmol of gas mg of cells-h-' (29 to 31 h; data not shown). This rate was lower than the rate of N20 reduction for this period in the presence (32.1 nmol of gas mg of cells-' h-1) and absence (69.4 nmol of gas mg of cells-' h-1) of chloramphenicol (data not shown). Hence, the presence of NO3-or N20 was required to produce the increase in N20-reducing activity. This result is similar to that obtained in soil.
It should be noted that similar experiments were attempted with a denitrifying strain of Pseudomonas fluorescens. However, for 20 h after the abrupt shift from aerobic to anaerobic conditions, very little N20-reducing or denitrifying activity could be detected. Apparently this organism could not adapt to a rapid aerobic to anaerobic shift.
DISCUSSION
In the three soils investigated, a consistent pattern of N20 versus N2 production was found, corresponding to the length of time of anaerobiosis. This pattern is summarized in Table 5 ; the explanations are based on the soil and culture evidence discussed below. The denitrifying activity and product gases found very early (from 0 up to 1 to 3 h) after the onset of anaerobic conditions probably reflect the preexisting enzymatic capacity (14) . In the study reported here and in a previously reported study using 13N-labeled N03 to directly quantify product gases during the first 1 to 2 h of anaerobiosis (13, 15) , we found N2 to be the dominant denitrification product during this early period. Since the early activity probably reflects the preexisting physiological state of the soil microflora, the result would be expected to vary with the aeration status of the soil examined. The soils that we studied were well-structured agricultural soils and reasonably well aerated at the time of sampling. We consistently found N2 to be the dominant early product of denitrification in soil collected 30 min before the start of the experiment as well as in soil that had been stored at 4°C for up to 4 months.
The increase in the denitrification activity that occurred after the short early period of N2 dominance was not immediately accompanied by a comparable increase in N20-reducing activity. As we have shown elsewhere (14) , this early acceleration in the denitrification rate in soils was blocked by chloramphenicol, indicating that the increased N20 production was caused by synthesis of enzymes that reduce NO3 to N20. This resulted in a relatively long period (of 16 to 32 h duration) during which N20 production was enhanced relative to N2 production. After (8, 11, 12) . Payne and Riley (11), working with Pseudomonas perfectomarinus, found that all of the enzymes involved in denitrification were present after 40 min of anaerobiosis. However, these investigators did not report the relative activities of the specific enzymes at 40 min or changes occurring with longer periods of anaerobiosis.
We found that the presence of N20 or N03 (possibly N20 from N03-reduction) was required during the anaerobic incubation of the soil and the Flavobacterium culture to produce the characteristic increase in N20-reducing activity. It is possible that N20 or N03 induced synthesis of an enzyme involved in N20 reduction. Enhancement of N20-reducing activity by growth on N20 has been shown in Pseudomonas denitrificans (8) . However, the low N20-reducing activity found after a period of anaerobic incubation in the absence of NO:3 and N20 may also reflect the lack of energy-yielding metabolism under these conditions. Aerobically grown Flavobacterium sp. was capable of almost immediate reduction of N20 when shifted to anaerobiosis. This may imply that the "aerobically" grown denitrifier had produced or experienced localized areas of oxygen depletion during growth.
It is generally accepted that carbon availability is a factor controlling denitrification in soils. Several investigators have suggested that the availability of an electron donor influences the composition of the gaseous products of denitrification as well as the quantity of denitrification (10, 16) . Thus, the temporal pattern of N20 and N2 production reported here may be influenced somewhat by the availability of electron donor as well as by the enzymatic capacities of the soil microflora.
Nitrous oxide accumulation and subsequent reduction is a pattern commonly reported in soils and cultures (2, 3, 6, 9, 10). In most of these reports, quantities of N20 accumulate until the ionic species are nearly depleted; the amount of N20 then declines. The activity patterns that we describe here apparently result from staggered synthesis of denitrification enzymes in response to anoxia, not from changing N03-concentration. The occurrence of similar N20 and N2 production patterns can be discerned in data from another report in which N03-concentration did not change significantly (3) .
Although total anaerobiosis rarely occurs in most natural soils, the responses reported in this work may be typical of the proportion of anaerobic microsites in soils. It is now thought that anaerobic zones grow and decline in volume in response to moisture conditions (K. A. Smith, Abstr. 11th Int. Congr. Soil Sci. 1:304, 1978). Thus, the changes following onset of anaerobiosis, reported here, would be expected to occur in newly created or growing anaerobic zones in soil. The short-term changes in the composition of the gaseous products of denitrification, however, may reflect the sequence of events that occurs during short periods of 02 depletion after rainfall or irrigation.
